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FOREWORD 

This report documents the work performed at Dynamic Science, a 
Division of Marshall Industries , under NASA Contract NAS7-43 8. This report 
details  the work performed during the period 5 May 1968 - 5 May 1969. 

Dr. Robert Levine of Office of Advanced Research and Technology 
(OART) was the program manager. Dr. Raymond Kushida of Jet Propulsion 
Laboratory was the Technical Manager. 

The Quantitative Analysis of Reaction Products was performed by 
Aerojet General Analytical Laboratories , Azusa , California. Dr. D. L. Quick 
was the Chief Investigator. 

NOTICE 

This report was prepared as an  account of Government-sponsored work. 
Neither the United States ,  nor the National Aeronautics and Space Administration 
(NASA) , nor any person acting on behalf of NASA: 

A. )  Makes any warranty or representation, expressed or implied, with 
respect to  the accuracy , completeness , or usefulness of the informa- 
tion contained in this report, or that  the use  of any information, 
apparatus , method , or process disclosed in this report may not 
infringe privately-owned rights; or 

B . )  Assumes any liabilities with respect to  the use  of, or for damages 
resulting from the use  of, any information, apparatus , method of 
process disclosed in this report. 

As  used above, "person acting on behalf of NASA'' includes any employee 
or contractor of NASA, or employee of such contractor , t o  the extent that  such 
employee or contractor of NASA or employee of such contractor prepares, dis- 
seminates , or provides access to  any information pursuant to his employment 
or contract with NASA, or his employment with such contractor. 



SUMMARY 

A research program covering three years has  been conducted by Dynamic 

Science to  study ignition of hypergolic liquid propellants. The published 
reports and presentations are: 

Effect of Additives on the Ignition Delay T ime  of Hypergolic 
Propellants , by Stevens , M e R.  , Fisher , H. D. , Weiss , H. G. , 
and Breen, B.P. 

A Basic Study on the Ignition of Hypergolic Liquid Propellants, 
Interim Final Report by Zung , L.B. , Tkachenko, E. A. , and Breen, B .  P. 

A Basic Study on the  Ignition of Hypergolic Liquid Propellants, 
Final Report by Zung , L. B . , and Breen , B. P . 
Effect of Additives on the Ignition Delay T i m e  of Hypergolic 
Propellants, by Stevens, M.R. , Fisher, H.D. , Weiss ,  H.G. , 
and Breen, B.P .  WSCI-67-22 , presented a t  Western States/ 
Combustion Institute. 

A Basic Study of Ignition of Hypergolic Liquid Propellants, by Zung, L.B.' ,  
Breen, B. P. and Kushida, R .  , WSCI-68-43, presented at Western States/ 
Combustion Institute. 

NASA/OART Space Storable Propulsion Technology Review , 
Lewis Research Center,  June 1968. 

Ignition studies of hydrazine and nitrogen tetroxide were first  conducted 
with hydrazine at Oo C and -3OOC. Experiments were conducted by first introducing 
hydrazine into the test cell. When hydrazine was at thermal equilibrium with its 
immediate environment, the test cell was  evacuated t o  the limiting vapor pressure 
of hydrazine followed by the admission of vapor nitrogen tetroxide. Minimum 
oxidizer ignition threshold pressures and ignition delay t i m e s  were measured for 
various oxidizer temperatures. It was found that solidification of the oxidizer 
inhibited the ignition process.  The effect of additives were also evaluated. 
Hydrazine nitrate greatly decreased the minimum oxidizer ignition threshold 
pressure and the presence of a halogen increased the threshold pressures.  

One of the drawbacks of these ignition studies is the certain amount of 

randomness exhibited by ignition delay measurements. This is partly due to the 
inability to control experimentally species  diffusion and flow conditions when nitrogen 

iii 



tetroxide is first admitted into the test cell. In order to remedy this  difficulty 
a n  ignition burner based on the stagnation flow field was developed. Minimum 
concentrations of nitrogen dioxide that induce ignition were measured a s  a 
function of hydrazine temperature. Effects of flow Reynolds number, burner 
pressure, oxidizer temperature, and hydrazine water content were evaluated. 
For a 30% increase in flow velocity, it was observed t h a t  the threshold con- 
centration of nitrogen dioxide increases by about 20%.  

It was  found that for hydrazine temperature under approximately 3 1 O°K , 
the vapor pressure of hydrazine was not high enough to  sustain a. vapor phase 
ignition. Reactions between nitrogen dioxide and liquid hydrazine were signi- 
ficant as evidenced by foaming and bubbling observed on the liquid surface. 
Heat  re lease associated with these reactions gradually raised the hydrazine 
temperature which in turn led to a vapor phase ignition. Measurements a l so  
show that for hydrazine temperatures below 3 1O0K, the threshold nitrogen 
dioxide concentration assumed a. constant value. This could be partly explained 
by the fact that  t he  rate of diffusion of nitrogen dioxide played a more dominant 
factor in the vapor-liquid phase reaction. Foaming and bubbling on the liquid 
surface were less significant at higher temperatures. For hydrazine near its 
boiling point, it was observed that  ignition could take place before the introduction 
of nitrogen dioxide mixture e This could be due either t o  hydrazine autodecomposition 
on the s ta inless  surfaces or reaction with the residual atmospheric oxygen in the 
burner. 

Based on similar experimental techniques, ignition of liquid diborane 
and diluted (with helium) oxygen difluoride were studied. The results were less 
successful because of the difficulties encountered to maintain sufficient liquid 
diborane within the diborane cup, 

A theoretical study to  understand the ignition of liquid fuel was carried 
out. Based on the stagnation flow field, the governing partial differential 
equations were reduced to a set of ordinary differential equations. The species 
concentrations and temperature profiles of the nonreactive flows were used to 
describe the  rate of reaction prior to  ignition. Information based on the effect 
of liquid temperature on the reaction rate can indicate more meaningful tempera- 
ture ranges where liquid surface reaction is important * 
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Highly diluted vapor phase reactions of nitrogen tetroxide with hydrazine 
unsymmetrical dimethylhydrazine and monomethylhydrazine clarify the formation 
of certain explosive solid intermediates. Reaction products of hydrazine/nitrogen 
tetroxide and monomethylhydrazine/nitrogen tetroxide both show that  an  excess 
of oxidizer favors ammonium nitrate formation while an  excess  fuel favors the  
formation of hydrazinium nitrate and monomethylhydrazinium nitrate respectively. 
In the case of unsymmetrical dimethylhydrazine both fuel-rich and oxidizer-rich 
conditions gave the  s a m e  salt I ammonium nitrate. Main gaseous products 
were found to  be N20, NO, N2 I and H 2 0 .  
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INTRODUCTION 

Experience (Ref .  1 & 2 )  with altitude ignition of hypergolic bipropellants 
shows that ,  on occasion, damaging high amplitude pressure waves develop. 
A sufficient understanding of the ignition processes for these propellant com- 
binations must be gained in order to eliminate or suppress large transient 
overpressures . Research work covering various phases of the hypergolic pro- 
pellant phenomena has  been carried out.  Emphasis has been placed on hydrazine/ 
nitrogen tetroxide" systems. 

The first phase of this research program was to qualitively determine 
chemical interactions during the transient preignition period (Ref .  3 & 4 ) .  
Specifically, reactian characteristics between solid and vapor phases were 
sought. Experiments were carried out during this phase to  define ignition 
thresholds, ignition delay t i m e s ,  and intermediate reaction characteristics of 
condensed phase reactants.  These experiments were qualitative in nature and 
were intended to  establish orders of importance of preignition chemical effects. . 

The first ser ies  of experiments determined the ignition characteristics of solid 
hydrazine at Oo C and -3 Oo C , with nitrogen tetroxide vapor at temperature 
ranging from 25OC to 100OC. The second ser ies  of experiments characterized 
the reaction when the oxidizer was initially at the low temperature (-303C). 

The chemistry of nitrogen tetroxide/hydrazine base (N2H4,  MMH, UDMH, 
A-50) fuels is undoubtedly complex both from the standpoint of kinetics and of 
the diversity of reaction products. In addition, the reaction rates in the 
gaseous or liquid phase are  very rapid (ignition delay t i m e s  of the order of 
microseconds (Ref .  5) to milliseconds (Ref.  6) depending on the method of 
measurements .) Preignition reactions in the vapor phase yield gaseous as 
well as condensed reaction products (Ref .  7) and it was concluded by the 
same authors that the ignition process proceeds by a thermal rather than a 
free radical mechanism. Reaction products were a l so  studied with propellant 
temperatures initially at the triple point of nitrogen tetroxide (-11.2OC) and 
at room temperature (2lOC) (Ref. 8).  MMH nitrates and hydrazine nitrate 
were observed to be the major residue component for MMH/nitrogen tetroxide 
and hydrazine or A-5O/nitrogen tetroxide reactions. 
were identified by Dauerman and coworkers (Ref. 9) when mixture of nitrogen 
*In the text, nitrogen tetroxide or nitrogen dioxide represents the equilibrium 
mixture of nitrogen tetroxide and nitrogen dioxide. 

Hydrazoic acid and ozides 
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tetroxide condensed (at liquid nitrogen temperatures) onto hydrazine or vice versa 
and were allowed to warm up slowly. It is noteworthy that the temperatures 

prevalent in this  work are far below those to  be expected at rocket engine space 
start  conditions (Ref .  1). Experiments were a l so  carried out with nitrogen 

tetroxide/hydrazine system using a two-dimensional plastic combustion cha.m- 
ber (Ref .  10 ) .  Residue accumulated on the chamber wall was in sufficient 
quantity to make possible chemical analysis By means of infrared method I 
the major residue component was identified as  hydrazine nitrate. Based on 

thermochemical determinations I it appears that  the reaction intermediates play 

a n  important role in severe ignition pressure spiking (Ref .  11). 

Under this research program work concerning preignition stoichiometry 
for nitrogedtetroxide hydrazine base  fuels havea lso  been studied I (Ref .  12 & 13) 
Gas phase reactions a t  low temperatures and low concentrations (diluted with 
helium so as to produce an isothermal environment) clarified whether explosive 
solid intermediates such as NH4 
monitoring the hydrazinehitrogen tetroxide reactions I it has  helped to resolve 
the question of the conditions under which either the NH4N03 or the N2H5N03 

has been the predominant solid intermediate. Quantitative results from these 
preignition chemistry studies have a l s o  been used as inputs to a certain mathe- 
matical space start model(Ref. 14). The reason for this is that any clarification of 

the paths of formation of detonable and sensitizing substances I together with 
the associated preignition heat re lease and gas formation I will help predict 
chamber pressurization and the chemical species  present in the chamber at 
ignition. Similar studies have a l so  been carried out for unsymmetrical 
dimethyl-hydrazine/nitrogen tetroxide and monomethyl-hydrazine/nitrogen 
tetroxide. The results of these highly diluted vapor phase reactions are dis- 
cussed in detail in the following section of this report. 

NO3 I and N2H5N03 were formed. Further 

Hypergolic propellant ignition involves a complex interrelationship of 
chemical and physical phenomena. During rocket engine ignition the rates  
of preignition reactions the chemical nature of preignition products , and the 
associated heat re lease a re  closely coupled with physical transport properties 
such as  heat and mass transfer. In order t o  help unravel the relative signifi- 
cance of these basic processes on hypergolic ignition, it becomes necessary 
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to isolate I and study separately and under controlled conditions I important 
physical factors. 

One of the drawbacks of the ignition studies conducted during the first  
phase of this research program (Ref .  3 & 4)was certain randomness exhibited 
by ignition delay measurements. This was partly du.e to the inabillP 5s contrd,  
experimentally 
was first admitted into the test cell. In order to remedy this difficulty , an  
ignition burner based on the stagnation flow field was developed. By 
introducing the oxidizer gas to flow over liquid fuel in a direction perpendicular 
to the fuel surface, the uncertainties of fluid dynamics are  removed and each 
of the transport rate processes leading to  ignition Were studied individually, 
s o  as to  integrate combustion theory with that of chemical kinetics. Based 
on this technique , experimental parameters which are  easily controlled are  
(i) fuel temperature , (ii) oxidizer temperature , (iii) oxidizer concentration, 
(iv) burner pressure, and (v) oxidizer flow velocity. Ignition of liquid hydrazine 
and vapor nitrogen tetroxide was studied using such a burner (Ref .  13 , 14,  15).  
In addition to  evaluating the significance of physical transport properties, 
reactions between nitrogen tetroxide on the liquid hydrazine surface were a l so  

species diffusion and flow conditions when nitrogen tetroxide 

characterized. This vapor-liquid reaction has significant effects on engine 
starts and engine problems, The bubbles and foaming on the liquid surface 
formed a diffusion barrier which greatly reduced the rate of fuel vaporization 
and thus has  a much longer ignition delay t i m e .  This can cause unexpected 
difficulties associated with space s tar t  problems. The reaction intermediates 
formed on the surface dissolved in the fuel droplets which in turn can serve 
as  sources for detonation waves. 

Similar experimental technique has  a l so  been used to  study the ignition 
mechanisms of liquid diborane and vapor oxygen difluoride. This study, 
which is discussed in this report, was less successful due to the cryogenic 
nature of the propellant. 

To understand the ignition phenomena in more detail ,  a n  analytical 
study has  been carried out based on the stagnation flow field. The purpose 
of this study is to  define propellant temperature ranges where vapor phase 
reaction is dominant. Based on the similarity flow field,  the governing partial 
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equations were reduced to  a set of ordinary differential equations. Realizing 
the fact that prior to  ignition the species concentrations and gas temperatures 
do qot vary much from the nonreactive flows, the nonreactive solutions were 
used to describe the rate of reaction. Information based on the effect of 
liquid temperature on the reaction rate can indicate more meaningful tempera- 
ture ranges where liquid surface reaction is important. 
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QUANTITATIVE ANALYSIS OF VAPOR PHASE REACTION PRODUCTS OF UNSYMMETRI- 
CAL DIMETHYLHYDRAZINE AND MONOMETHYLHYDRAZINE WITH NITROGEN DIOXIDE 

Introduction 

The complexity of a hypergolic propellant in general, and that of the nitrogen 
dioxide/hydrazine base fuels  in particular , necessi ta tes  the study of preignition 

products of such systems. Distribution of the products are required in order to  

assess the importance of various possible reactions. In order to examine pro- 
ducts formed under preignition conditions , dilute mixtures of fuel and oxidizer 
were introduced into a batch reactor. The main reason for the dilution was to keep  

the temperature r i se  s m a l l  and hence obtain a nearly isothermal reaction. The reactor 

and sampling systems were designed and built t o  provide (i) inert surfaces ,  
(ii) rapid mixing of reactants ,  and (iii) demountable vacuum tight fittings for 
easy removal of solid or gaseous reaction products. Reactions of hydrazine 
and nitrogen dioxide were previously studied (Ref. 1) at  various mole ratios.  

Reactions of unsymmetrical dimethylhydrazine and monomethylhydrazine with 
nitrogen dioxide , at various mole ratios,  were carried oat a t  25OC. 

Experimental Apparatus 

Reaction and Samplins System. - The reaction chamber, trap , and holding 
bulb (Fig. 1 and 2) used in this study were fabricated of pyrex glass. A glass 
system was used in preference to  metal because of the known catalytic effects of 
certain metals (e.g. , Fe Cr+++,Alf++,Cut+, Ni") upon hydrazine family , +f+ 

derivatives. Al l  control valves were Fisher and Porter 4mm quick opening Teflon 
plug and glass sea ts .  Connections between reaction system elements were of 
g lass  and butyl O-ring vacuum connections. The relative volumes of the holding 
bulbs and the reaction chamber allowed a one to  seven expansion and mixing of 
the reactants in  the reaction chamber. 

A CEC 2 1-130 mass spectrometer was used for all gas  analysis .  One 
feature of this instrument is a low volume fractionation and sample introduction 
system placed in parallel with the  conventional sampling inlet system. The low 

volume inlet ,  because of its low surface area (% 1/100 of that of the conventional 
gystem) and adjustable leak into ion source , is invaluable when surface effects , 
temperature or minute sample size preclude the conventional approach. 
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c 
f 

+ ~ 0 v a c u u m  

Note: Volume between bulbs = 7 . 5  ml 

Figure 2.  Reactor Assembly. 
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Infrared analysis of solid and gaseous products were studied using a 
Beckman IR-4 and PE 237 instrument. Vapor spectra were obtained using a 
10 c m  gas cell  fitted with silver chloride windows. Infrared spectra of the 
solid products I labeled 1 through 10  with each representing five replicas,  
were taken in the form of KBr pellets. 

Experimental Procedures 

Known quantities of liquid UDMH (unsymmetrical dimethylhydrazine) or 
MMH (monomethylhydrazine) fuel were measured by a microliter MicroTek 
vacuum pipet and cryogenically transferred into a holding bulb. Nitrogen 
dioxide was blended by a pressure-volume relationship at pressure below 
2 2  mm using a Wallace & Tiernan Model FA 145 differential gauge (calibrated 
in 0 .2  mm div). A correction was calculated for N 2 0 4  2 2 NO2 dissociation 
at 25oC for example: 

2 mm pressure - 9 6 . 7  % dissociated 
' 4 mm pressure - 93.8 % dissociated 

6 mm pressure - 91.1 % dissociated 
8 mm p e s s u r e  - 88.6 % dissociated 

10  mm pressure - 86.3 % dissociated 
1 2  mm pressure - 84.2 % dissociated 
14  mm pressure - 82.2 % dissociated 
16 mm pressure - 80.4 % dissociated 
18 mm pressure - 78.7 % dissociated 

" 

Holding bulbs containing the reactants were pressurized to 600 mm with 
helium, yielding concentrations of from 0 .4  to 2.5 mole-%. After equilibrating 

a t  250CI the reactants were expanded into the evacuated reaction chamber main- 
ta ined a t  2 5OC. 

The runs were divided into sets of five; each run of a set had the same 
fuel-to-oxidizer ratio. Five replicas of each reaction served to  (i) check 
repeatability of reaction product concentration, and (ii) accumulate solid 
residue for infrared analysis.  At  t i m e  (t) , a gas  aliquot of the reaction 
product was measured and transferred to th? m a s s  spectrometer for analysis .  
Gaseous reaction products were a l so  analyzed by infrared spectrophotometry. 
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Solid residue from each set of reactions was accumulated by solvent extraction 
(absolute methanol) and weighed before submitting for infrared analysis .  The 
ratios of fuel-to-oxidizer provide a bas is  for comparing the data for respective 
runs. The following ser ies  of tests were performed during this study. 

F uel/Oxidi zer 
- Fuel Oxidizer Mole Ratio 
UDMH 
UDMH 

1/6 

1/2 I 1  
N02 

UDMH 
UDMH 

I 1  

I I  

I1 UDMH 2/1 

MMH 1/5 
MMH 5/8 

I 1  

I1 

MMH 
MMH 

I 1  

I 1  

5/4 
5/2 

I 1  15/8 MMH 

Results and Discussions 

Fifty low pressure nonignition vapor phase reactions of UDMH and MMH 
with NO2 at 25OC were effected. The absolute weight and the mole percent of 
the reactants are  summarized in Table I .  

Infrared Analysis. - 
Solids from UDMH/N02 Reactions: The infrared spectra of solids #1*, 

#2, and #3 (Figs. 1 2 ,  13,  14) were obtained from reactions in which the oxidizer 
was very rich,  r ich,  and equimolar. Spectra a re  complicated by heavy back- 
ground absorption in the 8 to  10 p, region, indicating varieties of C - 0 and 
N - 0 possibil i t ies.  A heavy NH band at 7 . 1  indicates the principat con- 4 
stituent is ammonium nitrate. 

In both the fuel very rich (solid # l o )  and fuel rich (solid #7) reactions 
(Figs. 15,  16,17,18) ammonium nitrate appears to be the major constituent. 

*The IR spectrum of #1 is not included. It was of poor quality with little 
a b  sorption discernible a hove background noise . 
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TABLE I 
NON-IGNITIOX VAPOR PHASE REACTIONS OF UNSYMMETRICAL 
DIMETHYLHYDRAZINE AND MONO ME THYLHYDRAZINE WITH 
NITROGEN DIOXIDE AT 25' C 

Rc ictants (mol 
UDMH 2 NO Run 

N o .  
1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

1 6  

1 7  

1 8  

19 

20 

2 1  

22 

23 

24 

25 

26 

27 

28 

-%)* 
MMH 

RI 
NO, 

L 

5.3 

5.3 

5.3 

5 . 1  

5 . 1  

1.7 

1.7 

1 .7  

1.7 

1 . 7  

1.7 

1 .7  

1.7 

1.7 

1.7 

5.3 

5.3 

5.3 

5 .1  

5 .1  

1 .7  

1 . 7  

1.7 

1.7 

1.7 

1.7 

1 .7  

1 .7  

ictants (mg) 
UDlVIH 

1 . 0  

1 .0  

1 . 0  

1 . 0  

1 .0  

1.0 

1 . 0  

1 .0  

1.0 

1.0 

2.0 

2.0 

2.0 

2.0 

2.0 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

MMH 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

1.0 

1.0 

1.0 

1.0 

1.0 

1 . 0  

1.0 

1 .0  

1.0 

1.0 

2.0 

2 .0  
2.0 

2.5 

2.5 

2.5 

2 .4  

2 .4  

0 .8  

0.8 

0 .8  

0 .8  

0 .8  

0.8 

0 . 8  

0 . 8  

0.8 

0.8 

2.5 

2.5 

2.5 

2 .4  

2.4 

0.8 

0 . 8  

0.8 

0 . 8  

0.8 

0.8 

0.8 
0.8 

0.4 

0.4 

0.4 

0.4 

0.4 

0.4 

0.4 

0 . 4  

0.4 

0.4 

0.8 

0.8 

0.8 

0.8 

0.8 
- 
- 
- 
- 
- 
- 

- 
- 
- 
- 
- 
- 
- 

- 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

1.0 

1 .o 
1,o 

*D iluted with helium 
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TABLE I (Continued) 

Run .; 

No. 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 

*Diluted 

R e  
N02 

1 .7  
1 .7  
1.7 
1 . 7  
1 .7  
1 . 7  
1 .7  
1 .7  
1 . 7  
1 .7  
1 . 7  
1 .7  
1 .7  
1 .7  
1 . 7  
1.7 
1 .7  
1 .7  
1 .7  
1 .7  
1 .7  
1 .7  

with helium 

- 
- 

4.0 
4 .0  
4 .0  
4 .0  
4.0 
c 

- 
- 
- 
- 
- 
E 

- 
- 
- 

5.0 
5 .0  
5 .0  
5.0 
5 .0  

MMH 

2.0 

2.0 
- 
- 
- 
- 
- 

3.0  
3 .0  
3.0 
3 . 0  
3 .0  
4 .0  
4 .0  
4.0 
4 .0  
4 .0  
- 
- 
- 
- 
- 

0 . 8  
0 . 8  
0 .8  
0 .8  
0 .8  
0 .8  
0 .8  
0 .8  
0 . 8  
0 .8  
0 . 8  
0 . 8  

0 .8  
0 .8  
0 .8  
0 . 8  
0.8 
0 .8  
0 .8  
0.8 
0 .8  

0.8 

- 
- 

1 . 6  

1 . 6  
1 . 6  
1 . 6  
1 . 6  
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

2 . 0  
2.0 
2.0 
2.0 

2 . 0  

J* 
MMH 

1.0 
1 .o 
- 
- 
- 
- 
- 

1 . 5  
1 . 5  
1 . 5  
1 . 5  
1 . 5  
2 . 0 '  
2 . 0  
2 .0  

2 .0  
2 . 0  
- 
- 
- 
- 
- 
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Additional sharp singlets (solid #7)  appearing between 3.48 and 3.52 v indicate 
minor amounts of CH-bearing coiisti.tiients which do not contain the NO group. 
Unsymmetrical diinethylhycl.;azine nitrate was not detected in any of the UDM11/ 

2 

NO solid reaction prodsic's. 2 
Solids from MMH/N02 Reactions: The IR spectra of solids #4, #5 I and #6 

(Fig. 19-24) were obtained from oxidizer very rich,  oxidizer rich, and equimolar 
reactions. The spectra a re  all quite similar. They are  significantly different 
than monomethylhydrazine nitrate reference spectra owing to the a.bsence of 

four characteristic singlets between 9 and 1 1 ~  . Comparisons with reference 
spectra suggest that  solids #4, #5 I and #6 are mixtures of ammonium nitrate 
and methyl ammonium nitrate, CH3NH3N03. 

Solid #8 (Figs. 25 & 2 6  ) fuel rich reaction is very similar to solids #4, 
# S I  and #6. However, spectra from solid #9 (Figs. 27 and 28 fuel very rich) 
compares very well with that of a reference standard of monomethyl hydrazine 

0 nitrate, CH3NHNH3 NO3 . It is in combination with another constituent indicated 
by a sharp singlet a t  6.28 p , which exhibits a less intense shoulder a t  6.33 p . 
These latter signals are a s  yet unidentified but probably indicate minor amounts of 

a covalent nitrite (R-GNO) , nitrate (R-O-NOZ) , or imine (R=N-) . 
Gaseous Products from UDMH/NOZ Reactions: Spectrum #1 

(Figs. 29 and 30 I 
a s  the principle constituent. 
4.53 p , 
9.31 p I which exhibits a shoulder a t  9.81.1. 
a t  10.20 p appears related. 
appear in the general region of C-0  and C-N stretch vibrations. 

oxidizer very rich) indicates 2 NO 2 N 2 0 4  (6 .16  and 6.27 p )  

2 
The spectrum is complicated by the appearance of a broadened band a t  

2 
Minor amounts of N 0 are apparent a t  4.47 and 

A sharp, less intense singlet 
These bands have not been assigned although they 

For spectrum #2 (Figs. 31 and 32 oxidizer rich) and #7 (Figs. 33 and 34 
fuel rich) N 0 is the only constituent indicated positively (N-N stretch a t  4.50 2 
and 4.55 p ) .  The spectrum of #3 (Figs. 35 and36) indicates N 2 0  a s  principle 
constituent (4.49 and 4.54 p )  with NO2 F! N 0 2 4  
the concentration of NO2 (N-0 stretch vibrations 6.16 and 6.27 1.1 1. 

suggested a s  a minor, about 1/4 

Gaseous Products from MMII/NO2 Reactions: Spectrum #4 (Figs. 
37 and 38, oxidizer very rich) indicates N 0 is a major constituent (4.49 and 
4.54 p )  a s  is 2 NO2 8 N 2 0 , 4  (6.16 and 6.27 p ) .  More intense bands, attributable 
to another principal constituent, appear a s  follows: 3.4 to 3.5 9 multiplet with 

2 
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dominant singlet at 3.44 ,J ; 5.99, 61 0 11 singlets; 7.73 
9.9 
dominant singlet at 1 1 . 6 9 ~  . These data compare well with the spectrum of 
methyl nitrate, CH30N02.  

sharp singlet; 9.7 to 
multiplet with dominant singlet a t  9.80 1.1 ; 11.6 to 11.9 pmultiplet with 

Spectra #5 (Figs. 39 and 40 oxidizer rich) and #8 (Figs. 41 and 42 fuel rich) 
show N 2 0  as the only constituent indicated positively. In spectrum #8 a broadened 
band at 3 . 3 8 ~  and two minute sharp singlets at 3.54 and 3.611.1 suggest a minor 
constituent, as ye t  not identified. 

The spectrum of #6 (Figs. 43 and 44) exhibited no discernable signals above 
background noise that are  attributable to  reaction products. A broad unresolved 
band is evident at  7.8~1, but its profile is not characteristic of any vapor species .  
Consequently it is attributed to a residue on the AgCl cell windows and appears 
to some extent in all vapor spectra. 

Examination of the IR spectral data indicates the reaction products from 
the low pressure nonignition vapor phase reaction of UDMH, MMH, and NO2 
were for the most part oxides of nitrogen and nitrates(i .e. ,  N20 ,  NO, NO3). 
Reaction products from MMH/N02 were similar t o  those obtained previously 
(Ref. 1 2 ) .  (Reaction of N2H4 with NO2). An excess of fuel favored N2H5N03 
forma ti on: 

3 N2H4(excess)+2 N 2 0 4  + 2 N2H5N03+H20+N20+N2, 

4 3  
N H + N204(excess + NH4N03. 

while an  excess of oxidizer favored NH NO formation: 

2 4  

In a similar manner an excess of MMH favored formation of salt, N H CH NO3, 
while an excess of oxidizer favored production of ammonium nitrate and methyl 
ammonium nitrate. In the case of UDMH, both fuel rich and oxidizer rich con- 
ditions gave the same salt, ammonium nitrate. 

2 4  3 

The m a s s  spectral data of gaseous reaction products is consistent with 
the infrared interpretations. The major components detected by m a s s  spectro- 
meter gaseous reaction products with both UDMH and MMH were various nitrogen 
oxides. 

A s  the stoichiometry with UDMH becomes 
predominant species  in the gas  phase shift from 

more and more fuel-rich, the 
NO2 to  NO to N 2 0 .  At  the fuel 
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TABLE I1 
GASEQUS AND SOLID REACTION PRODUCTS FROM NON- 
IGNITION VAPOR PHASE REACTIONS OF UDMH With NO, 

Run S e r i e s  

Gaseous  Products  
Mil l igram per Run 

N02 

N2° 
2 co 

Methane  

NO 

N2 
H2° 

Total Mi.l l igrams of G a s e o u s  
Products  Recovered p e r  
Run 

Solid Products  
Mil l igram per 

Reac tan ts ,  rn-g 

N02 
UDMI.1 

Total Reactants, mg 

Total Products  

Loss 

#1 to #5 

1.50 
0.03 

0.02 

0 .0  

0.89 
- 

0.03 

2.47  

0.76 

5.2 

1.0 

6.2 

3 . 2  

3.0 

#6 to # l o  

0.09 

0.03 

0.02  

0.0 

0.51 
- 

0.03 

0.68  

0.66 

1.7 

1.0 

2 . 7  

1.4 

1.3 

b 

to #15 

01 
. 0.. 25 
0.02 
0.0 
1 .16  
0.06 
0.82 

2 - 3 2  

0.58 

1.7 
2.0 

3.7 

2.9 

0.8 
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TABLE I1 (Continued) 

Gaseous Proohrcks P 
Milligram per Run 

N02 
N2° 
co2 

N 2  
H2° 

Methane 
NO 

Formaldehyde dimethyl hydrazin 

Total Milligrams of Gaseous 
Products Recovered per 
Run: 

Solid Products .-I 

Milligram per Run 

Reactants , mg 

N02 
UDMH 

Total Reactants, m g  

Total Products 

Loss 

#31 to #35 

0.03 

0.84 

0.03 

0.0 

!I. 11 

0.08 

0.01 

- trace 

1.10 

0.36 

1.7 

4.0 

5.7 

1.5 

4.2 

- 

$46 to #SO 

0.02 

1.87 

0.07 

0.0 

0.17 

0.40 

0.03 

0.60 

3.16 

0.36 

1 .7  

5.0 

6.7 

3.2 

3.5 

- 
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rich composition there a re  traces of compounds that could be  nitromethalze, 
methyl nitrate, and unreacted UDMH. 

give 
N-N-(CH3)Z , appear in the  reaction with highest fuel content. 

Significant a.mounts of a compound that 

a mass spectrum attributed to formaldehyde dimethyl hydrazine, CH2 = 

As the stoichiometry with MMH becomes more f u e l  rich, the predominant 
species  in the gas  phase changes from NO, to N 2 0  and N 2 .  Large amounts of 

NO were not observed to appear, a s  w a s  the case wlth UDiVIII. 

It seems unlikely that NO would appear to any extent a t  high f u e l  ratios 2 
with MMH. 
mass spectra and attributed to NO,, could possibly be  part of the cracking pattern 
of methyl nitrate. 
of large amounts of nitrogen oxides and MMH. 

The small amounts of gas  appearing a t  molecular weight 46 in the 

d 

This pattern cannot be unambiguously resolved in the presence 
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TABLE I11 
GASEOUS AND SOLID REACTION PRODUCTS FROM NONIGNITION VAPOR 

2 PHASE REACTIONS OF MMH WITH NO 
~~ 

Reaction Series 
Gaseous Reaction Pro- 

ducts Milligram per 
Reaction 

N02 

N2° 
c02 

N2 
H2° 

Methane 
N O  

Total Milligrams of 
Gas eo u s Products 
Recovered per Reaction 

Solid Reaction Products 
Milligram per Reac tipr 

Reactants , mg 

N02 
MMH 

Total Reactants, rng 

Total Reaction Products 

Loss 

C16 to #ZO 

0.83" 

0.12 

0 .01  

0.00 

0.00 

0.04 
- - 

1 .o* 

0 . 2 8  

5.2 

1 .o 

6.2 

- 

* 
* 

#21 to #25 

0.55 

0.10 

0.03 

0.00 

0.00 

0.04 
- - 

0.72 

0 .40  

1.7 

1 .o 

2.7 

1.1 

1.6  

- 

$ 2 6  to #30 

0 . 1 1  
0.19 
0 .06  
0.08 

0.54 

0.65 

0 .01  - 

1.64 

0 .30  

1.7 

2.0 

3.7 

1.9 

1.8 

#36 to #40 

0.10 

0 .08  

0.00 

0 . 0 2  
0.00 

0 . 2 0  
0.00 

0.40 

0.50 

1.7 

3.0 

4.7 

0.9 

3.8 

- 

#41 to #4t 

0.10" 
0 . 2 0  

0 . 0 1  

0.14 

3.00  
1.53 

0.02 
_I 

2.0 

0.46 

1.7 

4.0 

5.7 

2.0 

3.7 

*A measurement of the total amount of gaseous reaction products was not obtained 
The values given are weight percent. 
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IGNITION STUDIES OF OXYGEN DIFLUORIDE AND LIQUID DIBORANE 

In trod uc  t ion 

Potter and Butler (Ref .  16)were able to  investigate the extinguishment of 
diffusion flames by metering f u e l  and oxidant flow rates through two opposed jets. 

In terms of an apparent flame strength, a more detailed study on the flame blow- 
off for various fuel-oxidant combinations has been carried out by Potter, Heimal, 
and Butler (Ref .17) and propane-oxygen flames a t  low pressure by Anagnostou and 
Butler, (Ref .18) 
reactants,  Pandya and Weinberg (Ref. 19)were able to stabilize a one-dimensional 

Based on this principle of employing directly opposed flows of 

diffusion flame. Flow patterns were studied and a one-dimensional temperature 
distribution was obtained. 
distribution of the rate of heat release per unit volume. The flame structure was 
analyzed by Kushida (Ref.20) who also used such a counter-flow burner to study 
ethylene oxygen flames. 

The thermal structures were analyzed to  yield the 

The experimental technique can also be used to  great advantage for study- 
ing ignition phenomena. The burner permits experimentation with known steady 
s ta te  conditions in terms of reactant concentrations, gas  temperatures, and burner 
pressures. For fuel-oxidant sys t ems  involving two different phases ,  a s  ignition 
of liquid or solid fue ls  by an oxidizing gas ,  the burner can be modified by employ- 
ing a stagnation flow field.  
the direction normal to the fue l  surfaces.  
the uncertainties of fluid dynamics are removed and a one-dimensional gas  
temperature and reactant concentrations , varying in the direction perpendicular 
to the fuel  surface can be obtained. 
and quantitative evaluation of thermal reactions leading to ignition can be 
studied. 

The oxidizing gases  are led to flow over the fue l  in 
Based on this stagnation flow field, 

Effects of physical transport properties 

Experimental Apparatus 

Ignition studies were conducted by introducing a stream of oxygen 
difluoride/helium gas mixture to flow over a dish of liquid diborane in a direction 
perpendicular to the liquid surface. Based on this stagnation flow field,  a 
cylindrical burner was constructed. The details  of the burner cross-section 
is shown in Figure 3 

Figure 4 e A five pound capacity tank furnished by Callery Chemical Corporation 
where diborane was purchased was used a s  the diborane supply tank. The tank 
was enclosed within a fifty-five gallon drum, and dry ice was packed inside 

A schematic of the propellants' flow sys tem is shown in 
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the drum to always maintain diborane a t  approximately 190°K corresponding to a 

diborane vapor pressure of 2 atm. Liquid nitrogen was used a s  a coolant. The 
f u e l  supply sys tems consisted mainly of coaxial l ines  with liquid nitrogen a s  the 
coolant. 
(Fig. 3) which ran through the center of a copper diborane holder of 2 ”  diameter, 
terminating into a cup of 3/4” diameter, recessed 1/16” into the holder. 
temperature of diborane inside the cup was controlled by the liquid nitrogen 
passages through the holder. A thermocouple, coaxial with the diborane feed 
tube was used to record preignition diborane temperatures. A gas  nitrogen purging 
s y s t e m  was used throughout the diborane supply sys t em.  

The supply l ine was led from the storage tank into the diborane feed tube 

The 

The flow rates of oxygen difluoride and helium were metered by two sonic 
orifices. Gas flow rates through the sonic orifices were calibrated with nitrogen 
a t  2OoC. Flow rates of oxygen difluoride and helium were corrected for molecular wt 
difference and temperature effects. 
one leading into the burner and a bypass line to the exhaust. 
orifices were installed along these l ines to control the net  gas  flow rate into the 
burner. Prior to each test, the gas  mixture was first  introduced to flow through the 
bypass line until the desired and constant flow velocity and gas  temperatures were 
attained. The gas  mixture was then introduced through the top of the burner 
consisting of a 1” diameter s ta inless  steel tubing filled with s ta inless  steel 
wool and temperature controlled by liquid nitrogen. The oxygen difluoride- 
helium gas mixture was then led into a flow straightener 7/8” diameter to flow 
over liquid diborane in a direction normal to the liquid surface. The open end 
of the  straightener was fitted with a porous d i sc .  The straightener was partly 
embedded in a copper holder which was a l so  temperature controlled by liquid 
nitrogen or liquid and gas  nitrogen mixtures.  
immediately above the porous d isc  and one immediately following the oxygen 
difluoride-nitrogen cooling system , were used to  record the preignition gas  mix- 
ture temperature. 
flow errors. A nitrogen gas  purging sys tem was used throughout the oxidizer supply 
s y s t e m .  The gap spacing between the porous d i sc  and the  diborane surface could 
be varied from 1/16’’ to 3/8”. 

The gas  mixture was led to two separate l i nes ,  
Two calibrated sonic 

Two thermocouples , one installed 

Three solenoid valves were used to  minimize possible transient 

The burner was enclosed within two nonconcentric s ta inless  steel cylinders 
3 3/4” high and diameters of 11 3/4” and 8 3/4” respectively (Fig. 
ejector sys tem was fitted to the spacing between the two cylinders 

3). A nitrogen 
to  control the  
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burner pressure. Ten sonic orifices were installed along the centerline of the 
inner cylinder so as to  maintain a cylindrically symmetric flow field. Two viewing 
windows were provided for visual observation. The entire flow system and the 
burner were first cleaned to specification MIL 5002.  Oxygen difluoride passi-  
vation of the system was carried out after the system was assembled. 

Figure 5 is a front view of the burner before it was installed in the 
test base.  The entire test program was conducted at Wyle Laboratory at their 
Norco test facility. Figure 6 is a s ide view of the burner after it was installed 
in the test base .  A l l  transfer operations and testing were performed remotely 
with either pneumatic Nupro bellow valves or manually operated valves with 
s t e m s  through steel protective shields.  Experiments were conducted from the 
other side of the shield provided with viewing windows as shown in Figure 7.  

Figure 8 shows the valves that controlled the oxygen difluoride transfer operations. 

The vent gas  of the flow system was neutralized with a charcoal reactor 
before being exhausted into the atmosphere, Combustion products from the 
test chamber were aspirated with nitrogen gas ,  scrubbed with water and perio- 
dically neutralized in the disposal posposal ponds. 

Experimental Work and Discussion 

The hydrodynamic flow field of the burner was studied. Smoke particles 
were introduced immediately above the flow straightener for flow visualization. 
The diborane holder was removed and a 2 ”  diameter pyrex g lass  tubing with a 2 ”  

diameter pyrex g lass  d i sc  attached to one of the open ends was fitted into the 
burner. The gas  mixtures with smoke particles were introduced to flow over 
the pyrex d i sc  in a direction normal to the d isc .  Ten sonic orifices were fitted 
over the ten 3/8” diameter openings along the midpoint of the inner cylinder of 
the burner. By observing the flow field through the viewing windows of the burner 
and through the 2 ”  diameter pyrex g lass  d i sc ,  the sizes of the sonic orifices were 
adjusted until a laminar, steady , axial-symmetric flow field was obtained. 
Attempts were made to photograph the flow field through the pyrex d i sc  and the 
viewing windows. Because of the fineness of the smoke particles , the  quality 
of the pictures was unsatisfactory. No major effort was devoted to developing 
the photographic technique of obtaining satisfactory pictures, however , visual 
observations indicated that a satisfactorily uniform flow field had been obtained. 
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Figure 5 .  Front View of the Stagnation Burner. 

Figure 6 .  Side of the Burner After Installation. 

2 3  



Figure 7 .  Viewing Window with Extended Valves. 

Figure 8. Control of OF2 Supply System. 
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open rather 

The 

One of the problems in the initial phase of the experiment was to 
achieve a proper vacuum system of the entire flow lines. It was particularly 
difficult to properly sea l  the f u e l  supply sys t em.  It was finally realized 
that the diborane tank valve which was supplied by Gallery Chemical only 

sealed when it  was totally open or totally closed. Mos t  of the problems 
pertaining to  the leakage of gas  diborane from the system were due to the fact  
that  under experimental conditions the diborane tank valve was only partially 

than fully open. 

experimental conditions for ignition studies were: 

B2 H6 temperature -270OF - -LOOOF 
OF2 temperature -15OOF - O°F 
OF concentration 0% - 100% 
Burner pres sure 

2 
2 psia - atm pressure. 

Initial t es t s  were conducted with the burner pressure equal t o  10 psia . 

and the diborane cup a t  -140'F. Rate of evaporation of diborane under these 
conditions (diborane boiling point is -134.5OF) was very rapid and it w a s  not 
possible to maintain any significant amount of liquid diborane within the 

diborane cup. No significant changes were observed when diborane cup was a t  
- 1600 F and - 1800 F . In order to maintain significant amount of liquid diborane 

within the cup, it appeared necessary to reduce the temperature of the entire 
burner. The system was modified by exhausting the liquid nitrogen, which was 
used to control the temperature of the diborane cup and the oxygen difluoride 
flow straightener, t o  flow over the entire burner. 
the diborane cup temperature at approximately - 2 3 0 O  F. Oxygen difluoride/ helium 
mixture with equal molar concentrations of oxygen difluoride and helium at - 3 O O  F 
was introduced to  flow over liquid diborane. No ignition was observed. Tests 
were repeated by reintroducing diborane and simultaneously increasing the oxygen 
difluoride concentrations. N o  ignitions were observed with oxygen difluoride 
molar concentration at 0.6 and 0 8 .  When pure oxygen difluoride was finally 
introduced to  flow over liquid diborane an explosion was observed. The resulting 

overpressure bent the top plate where two C-clamps were used t o  hold the top 
plate onto the burner. This overpressure corresponds to  a minimum of 200  psia. 

Figure 9 shows the burner after the explosion. Damage to the burner was minor 

Experiments were repeated with 
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Figure 9 a Burner After Explosion. 

Figure 10 e Close View of Burner After Explosion. 
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a s  compared with that of Figure 5.  The side view of the burner is shown i n  
Figure 10 where part of the supply line is a l so  bent. 

The burner was repaired and additional ignition experiments were 
repeated a t  higher diborane temperatures. In order to maintain a significant 
amount of liquid diborane within the diborane cup, low temperature nitrogen 
gas was introduced into the burner. Liquid diborane was observed with the 
diborane cup temperature at -170OF. The nitrogen gas greatly reduced the 
propellant concentrations within the burner and meaningful results were diffi- 
cult to obtain. 

To summarize, for liquid diborane at low temperatures (diborane cup 
temperature equal to -23  O°F) detonation-like ignition phenomena were observed. 
This could cause engine stability problems with very damaging results.  One of 
the major problems encountered in this experiment was to maintain a sufficient 
amount of liquid diborane within the diborane cup at higher diborane temperatures. 
The gas  inside the burner was at a much higher temperature than the boiling point 
of diborane. Without reducing the temperature of the surrounding gas, the rate 
of evaporation of liquid diborane was very rapid due to  the heat transfer between 
the liquid fuel and the surrounding gas, To conduct ignition studies of liquid 
diborane , with diborane temperature varying between its boiling and melting 
point, it is necessary to  control the temperature of the surrounding gas. This 
can be accomplished by first  completely sealing the burner system and by 
metering the flow rate of nitrogen gas  a t  a desired temperature (i.e., - 150°F) 
into the burner. The nitrogen flow rates must be such that the fuel concentrations 
within the spacing between the liquid diborane and the oxygen difluoride exit 
a re  not significantly altered. If these experimental conditions were obtained, 
it is believed that liquid diborane could b e  maintained between its boiling 
and melting point. 
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THEORETICAL ANALYSIS OF IGNITION MECHANISMS 

Introduction 

Ignition mechanisms of liquid hydrazine and vapor nitrogen tetroxide 
has been previously studied under this program (Ref. 1 2  I 13 I 15) .  The 
experimental technique was based on introducing vapor nitrogen tetroxide 
(diluted with nitrogen) to flow over liquid hydrazine in a direction perpendicular 
to  the liquid surface.  Based on this  technique, the experimental parameters, 
such as fuel temperature, oxidizer temperature, oxidizer concentrations, 
flow velocities and burner pressures were well controlled and constantly 

monitored throughout the entire experiment. Thus the important experimental 
conditions were prescribed prior t o  ignition. Experimental measured ignition 
l i m i t s  were expressed in terms of these parameters. 

A theoretical correlation of the experimental findings have been attempted. 
The governing equations were formulated based on the stagnation flow field 
with the above mentioned experimental parameters appropriately incorporated 
as boundary conditions. Solutions to  the steady state governing equations were 
reached for various different boundary conditions corresponding to the tempera- 
ture ranges of the experimental study. The significant feature of this  approach 
was that it allowed correction of the experimental findings without requiriilg 
the investigation of a set of t i m e  dependent equations. 

Oxidizer I 

Figure 11. Stagnation Flow Field. 
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Based on the flow configuration, it is evident that the velocity in the 
tangential direction 8 a s  well a s  a/ae are identically equal to zero. Denote u' 
and w' a s  the velocity components in the radial and axial directions and p'  a s  
the gas mixture density, the continuity equation can be written a s  

a a - (p'u'rl) + (p 'w l r i )  = 0 .  a ri 
The momentum equations in the r' and z '  directions are  respectively: 

P' and pi are the local gas mixture pressure and viscosity. The s t ress  terms 

are defined a s  
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xi is defined a s  the local concentration of the gas species i ,  and 

C x i = l  
i 

The local gas  density p i  of species i is related to @ a s  

Define Ui and Wi a s  the diffusion velocities of species i in the radial and 
axial directions, the continuity equations for species i can be written a s  

01 is the rate of mass production or mass consumption of species i. For the 
simplified c a s e  where the coefficients of diffusion of all  molecular species are 
approximately equal, or for a binary gas mixture, the diffusion velocities 
can be approximated by 

- 
where D' is the  diffusion coefficient. Equation (1) further assumes that the 
thermal diffusion terms are negligible. The validity of equation (10) will be 
further investigated. Using eqn. ( lo ) ,  equation (9) can be written as 
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The enthalpy of the ith species h; can be defined in terms of the specific heat 
C and gas  mixture temperature T' . 

T' P i  

hIi = l  C dT' + h p  
m Pi 
0 
I 

0 
hi is some reference enthalpy a t  temperature 
gas mixture h' can thus be defined a s  

T' = To. The enthalpy of the 

In terms of gas  enthalpy, the energy equahon can be written as 

where k' is the coefficient of thermal conductivity of the gas mixture. Equation 
(14) a lso assumes that the kinetic energy of the gas  mixture, a s  well a s  viscous 
dissipation terms and radiative effects are negligible. 

For a mixture of ideal gases ,  the equation of s ta te  is 

R where i? =E - xi, Mi being the molecular weight of species i. 
Mi 

Define nondimensionalized quantities a s  

u = u'/uo 

w = w'/uo 

P = P l/P0 

P = P'/p Ua 

P i  = P p ,  

ui = U ' p o  

0 0  
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wi = w'i/uo 

T = T'/To 

r = r'/L 

z = z'/L 

= w' i/(Pouo/L) 

D = D'/Do 

P = P ' / P o  

k = k ' / k o  

hi = h' /C T 

h = h'/Cp To 
i P 0  

The governing equations can be expressed as: 

a a - (pur) + ar  (pwr) = 0 
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The dimensionless groups are defined a s  

Reynolds number 

Prandtl number 

Schmidt nun ber 

4,P0L 

P O  
R e  = 

eo. 

PoDo 
sc = 

uO M =  - 
0 

a Mach nuhber 

The governing equations for the liquid fue l  can be similarly obtained. 
Since the liquid is stationary, the convective velocities are not present. 
Define Ta a s  the nondimensionalized liquid temperature, the energy equation 
is 

eQ being the heat of reaction. Pra and ka are the liquid Prandtl number and the 
coefficient of thermal conductivity of the liquid fuel.  The diffusion of oxidizer 
species through the liquid is described by 

where Sea, D4 I and pa are the liquid Schmidt number, coefficient of liquid 
diffusion and the density of the liquid. is the rate of mass consumption 
due to liquid phase reactions. 
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Similarity Solution 

Karman first investigated :he stagnation f low field over an infinitely 
large rotating d isc  (Ref .  8) .  A similarity variable proportional to z is 
introduced to  reduce the set of governing partial differential equations to a set 
of ordinary differential equations. The same technique has been also applied 
to two-phase flow problems (Ref .  9 )  and reacting flows (Ref. 4, 5 ,  6 ,  7). 
Define 

p u  = r F(z) 
p w = H(z) 

The continuity equation (16) is reduced to 

dH + 2F(z) = 0 dz 
The momentum equations can be similarly reduced by letting 

Equations (17) and (18) assume the following form: 

(2 8) 1 d d -FZ + H - ( ~ / p )  - t $- p z  ( ~ / p )  = constant P dz 

The species conservation equations and the energy equation can be 
similarly simplified by letting 

3 4  



dq 1- d dxi 
p D  dz H(z) = Ui + - - ReSc dz 

dh, 1 d [ ( k z )  dT +Ex H(z) = - - 
ReSc dz 

dTR - 8, L d  
Pra dz kL? dz - (3 3) 

Because gas  oxidant is being introduced to  flow downstream and the vaporizing 
gas  fue l  is moving upstream, there exists a stagnation plane a t  some distance 

A* 

z'  > . O  and oxidant likewise for z'  
plane z' = 0 by diffusion only. The velocity profile is symmetric with respect 
to the stagnation plane. 
image of z '  < 0.  
known inviscid flow where u' M r' or 

. from the liquid surface. Fuel  m u s t  diffuse against  convection for 

. O  . Both reactants cross the stagnation ' 

This requires that the flow for 0 < z' <-I,* be the mirror 

The solution for such a flow field is identical with the wel l  

u = r  (3 5) 

Using equations (27) and (35), the continuity equation (16) can be integrated 
to give 

P W =  - 2 p d z  (3 6) k 
It is convenient to  introduce a new dimensionless variable Q such that 

r7 = l p d z  (3 7) 
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Using equations (35) and (36) ,  equation (31) can be expressed in terms of q 
a s  

dXi 1 d -2q - = - 
drl P 

The energy equation (32) can be expressed in terms of the gas  temperature T 
by assuming the specific heat  of species  i C = C = constant. 

Pi P 

Using equations (35) and (36), equation (39) is reduced to 

-27 -=  dT - 1 - d (pk) % dT - LCw,ho,  
dq RePr dq P 1 1  

In the region where equations (35) and (36) are valid, local pressure variation 
is negligible. The equation of s ta te  can be reduced to  

1 
P =T 

w h e n z  x .M. /C  xOM. i s  approximately equal to unity. 
that 

It i s  further assumed 
1 1  1 1  

= T  = 
PD - 
k 

The governing equations (38) and (40) are reduced to 

dni 1 1 d2ni 
-2q p 1 ReSc dq;" 

=-u, +- 

1 d2T dT 1 -2q % = - - C u i h o i  + - a P RePr dq 

Assuming Pr = Sc and define 

equations (43) and (44) are 

(43) 

(4 4) 
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Reaction Kinetics 

Define quantitives pertaining to the fuel and oxidizer with subscripts 
f and 0 .  For an Arrhenius type reaction, w '  can be written a s  f 

(4 7) 
E = -b x x exp - - f o  RT' 

where "1 is the rate of fuel consumption; x f  and x are  the fuel and oxidizer 
mass concentration; E is the activation energy and b is the frequency factor. 
Similarly, wb can be written a s  

0 

E 
f o  RT' ab = - V b x  x exp -- 

where v' is the ratio of the stoichiometric coefficients. 

The energy term - E  wihoi is 

z w i h o i = -  by  f o  x e -E/RT'/ ofer w 1 , hoi - vf ho 0 - vfh:l 

broduc t s J 
Define Q' = uohz + vf h> -oqer vi hy 

products 

Define 

-E/RT' Q l  - q h o i  = b x x e f o  , 

D = -  brO 

pouo 
E 8 =-- 

RTO 

Q =  Q' 
cp To 

equations (47), (48), and (49) are  
-8/T w f = D  x x e 

wo = v D  ?tonf e -e/T 1 1 o f  

1 

- C w i h y = D  Q x  x e -8/T 
1 o f  

(49) 
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The governing equations (45) and (46) can be written a s  

and 

d2 ?to dxo -1 -@/T 
dc dc. P o f  + 2 c  - = - n x  n e  

d2 T dT 1 -8/T 7 + 2 q  - = - D l Q X X e  
dc. d% P o f  

Boundary Cond iti on s 

The boundary conditions for z' = a 0  are 

(54) 
TO 

T' (z l  = a )  = 

x (zl  = a )  = n o  = constant 

x (z l  =-) = 0 

0 n 

f 
Considering the c a s e  where the liquid fuel is always being maintained a t  

a constant temperature TA , the boundary conditions a t  z = -A* are 

T' (Z = -A*)  = T (5 5) A 
Vapor concentration of the fue l  on the liquid surface is described in terms of 

the Claus ius- Cla pe yron relations 

where L is the latent heat of vaporization and is assumed to be a constant. 

M - pfo 
CL is defined a s  

a =  -w M~ po L1 
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The problem being investigated is the ignition due to vapor phase 
reactions. This leads to the assumption that reaction between oxidizer and 
liquid f u e l  on the liquid surface is negligible. The net oxidizer flow in the 
axial direction is p '  no(w' + Wb). 
that 

The above assumption leads to the condition 

or 

To summarize, the boundary conditions expressed in te rms  of 

non-dimensionalized variables are a s  follows : 

Define 

C* is obtained by solving 

T =  1 

n = xo = constant 
nf = 0 
0 0  

= r  Ta T =  - 'i 
nf = a exp - - Rk f -1) = f ( r )  

no = 1 - f(r) 
0 

- 2 p * n O +  - =  dnO 0 
dC 

659) 
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Vapor Phase Ignition 

Ignition of liquid hydrazine and diluted (with nitrogen) nitrogen tetroxide 
have been previously studied under th i s  research prc )gram. The experiments 
were conducted by introducing a stream of nitrogen tetroxide/nitrogen gas  
mixtures to  flow over a dish of liquid hydrazine in  a direction normal to the 
liquid surface. Minimum mass concentrations of nitrogen tetroxide in a 
nitrogen tetroxide/nitrogen gas  mixture that induced ignition when it was led 
to flow over liquid hydrazine were measured. These experiments were conducted 
for hydrazine temperatures varying from its melting point to boiling point. Effects 
of flow velocity and burner pressure were a l so  evaluated. 

Figure 1 2  is a n  ignition threshold measurement with the solid line dividing 
the  region of ignition and no-ignition. For hydrazine temperature b e l o w ~ 3  15 K , 
the vapor pressure of hydrazine is not high enough to sustain a vapor phase 
ignition. 
ignition reactions mainly occur between nitrogen tetroxide and liquid hydrazine. 
Reaction products formed and a l so  dissolved in the liquid fuel produce very 
noticeable foaming and bubbling a s  evidenced by photographic resul ts  (Fig. 13) .  
The preignition reaction mechanism is governed by the rate of oxidizer diffusion 
and is thus relatively insensitive to  hydrazine temperature a s  shown by experi- 
mental resul ts .  

0 

Nitrogen tetroxide mixture diffuses towards liquid surface and pre- 

For hydrazine temperatures above w 315OK, the vapor pressure of hydrazine 
appears to  be high enough to sustain a vapor phase ignition. The logarithm of 
the ignition threshold concentration decreases linearly with the inverse of the 
hydrazine temperature. 

In order to define the hydrazine temperature ranges where vapor phase 
ignition is important, the set of governing equations ( S l ) ,  (52) , and (53) have 
to be solved for various hydrazine temperatures. Variation of maximum gas 
mixture temperature for different f irst  Damkohler number D1 defines ignition 
and quenching regions (22 ,  23) .  
investigate the effect of liquid temperature in addition to D1 and thus defines 
liquid temperature where vapor phase ignition occurs.  

Similar techniques can a l s o  be extended to 

An alternate and simpler approach to analyze the heat of reaction term 0. 
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Figure 13. Foaming and Bubbling During Preignition Reactions 
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By appropriately defining n 
can be obtained by solving aQ/ag 1 
different liquid temperatures 7 can give u s  information regarding vapor phase 
ignition. 

x and 0 ,  the location of maximum reaction f 
= 0. Variation of 0 ( p  * , P I  7 )  for 

0' f 

c ' P  

Prior to ignition the fuel and oxidizer concentrations and the local gas 
temperatures correspond very closely to  that of nonreactive flow. The solutions 
to  the nonreactive flows can be easily obtained by'solving the homogeneous 
equations of (51) , (52) , and (53). Denote if , cot and 
oxidizer concentrations and the gas temperature for nonreactive flows , 

as the fuel and 

and 

- 
T = (1-7) Erf (e , e*) + T  

erf * + erf([) 
Erf ( e x * ) =  +1 

c* is defined by equation (61) and can similarly be approximated by 

Based on equations (63) - (65) , the reaction rate prior to ignition, Eq. (62) 

can be approximated by 



i I 0 expi- (1-7) Erf ( c I C * )  + T J  

The location of maximum reaction is obtained by solving - - 0.  ac  I C=P - and is expressed a s  

The rate of reaction prior to  ignition a t  p = F is 

~ ( C * l ~ ,  7) = Di Qf(7) [ l -Erf  (c,C*)1[ 1-f(T)( l -Erf  (TIC*)] exp- i (* 
(69) 

The problem is now reduced to  the solutions of equations (66), (68), and 
(69) , and for the three unknown quantities , <* I  p , and a (c*,  < , 7) as a 
function of 7 , liquid temperature 7 at which vapor phase ignition predominates 
can be defined. Numerical solutions of equations (66) I (68) , and (6 9) have 
not yet  been attempted. 

- - 

Bubble Formation in the N 0 -N H Reaction 2 4(g) 2 4(R) 
In an  idealized picture of a gas  such a s  N 2 0 q  reacting a t  the surface of 

a liquid, such a s  N2Hq‘ a smooth composition profile can be postulated between 
the liquid surface and some remote boundary in the gas .  
liquid temperature is well below the boiling point and the conditions being 
examined involve the relatively low temperature reactions leading to ignition, 
one would not expect bubble formation in the liquid phase.  It is possible,  

however to postulate bubble forma tion by considering only slight departures 
from the pure diffusion idealized model generally used. 

In particular, if the 

One factor which could lead to bubble formation a t  or near the liquid 
surface would be the resu l t  of solution of some of the vapor phase oxidant in 
the liquid. The result  of dissolving some oxidant in the liquid could be a bi- 
propellant liquid phase reaction near the surface. If a gas  were produced by 
the  reaction then bubbles would be observed. A low temperature reaction between 
hydrazine and N 2 0 4  has  been observed which produces ammonium nitrate and 
various gas  products which could account for,bubble formation. One would 
expect that t he  rate of bubble formation (or number of bubbles) might decrease 
a s  the liquid temperature increased. Although liquid temperature r ise ,  in- 
creases  the rate of gas  forming reactions, the greater partial pressure of 

‘4 4 



liquid vapor inhibits diffusion of the gas  phase oxidant. The bubble formation 

a l so  increases with partial pressure of oxidant a t  constant liquid temperature. 

An equally piausible mechanism for bubble formation involves the 
surface reactions directly, particularly where solids (partially or completely 
soluble in the liquid) are formed a s  well 4s  gases .  The surface reactions 

produce solids such a s  ammonium nitrate which dissolves in the liquid slowly 
but which a l so  traps gas  formed in the same reaction. Reactions continue below 

the surface and involve the dissolved nitrates a s  wel l  a s  the trapped gas .  
evolution of gas  by this mechanism increases with increased oxidant gas  partial 
pressure. 

The 

Based on the stagnation flow field,  the ignition phenomenon of liquid 
hydrazine has  been recorded using motion pictures. From the pictures it would 

seem that the change from bubble formation to gas phase reaction might be 
associated with the liquid temperature which in turn governs the rate of f u e l  
evaporation. 

Surface reaction I bubbles I and foaming could be anticipated when the 
liquid f u e l  is a t  a low temperature. Reactions of the type 

6 N H + 5 N 2 0 4  = 5 NH4N03 + 3 N 2 0  + 3N2 + 2 H 2 0  2 4  

and 
N2H4 + 2 NO2 = NH4N03 + N 2 0  

often takes place.  The NH4N03 dissolves and reacts 

NH4N03 + N2H4 = N H NO3 + NE3 producing bubbles and foam. 2 5  

Similarly if N2H5N03 is formed then 

6 N2H5N03 + 2 NO2 = N 2 0  + 3 N2 + 6 NHqN03 3 H 2 0  

could liberate gas .  



CONCLUSIONS 

Quantitative analysis of the  distribution of products due to  gas phase 
reactions of unsymmetrical dimethylhydrazine/nitrogen dioxide and monomethyl- 
hydrazine/nitrogen dioxide at low concentrations ( = 1-6 mole %) and low 
temperature (25OC) gave N 2 0  and N2 as the main gaseous products when the 
system was fuel  rich and NO when the  system was oxidizer rich. With a n  
excess  of monomethylhydrazine , monomethylhydrazinium nitrate was found to 
be the main solid intermediate. With an  excess of nitrogen dioxide, ammonium 
nitrate was found to  be the main solid intermediate. This was similar t o  that 
of hydrazine/nitrogen dioxide reactions where hydrazinium nitrate and ammonium 
nitrate were respectively the main solid intermediates. In the case of unsym- 
metrical dimethylhydrazine I both fuel rich and oxidizer rich conditions gave 
ammonium nitrate. Quantitative results from these preignition chemistry 
studies can  a l so  be used as inputs to certain mathematical space start  
model (Ref. 14). The reason for this is that any clarification of detonable 
and sensitizing substances , together with the associated preignition heat 
release and gas formation , will help predict chamber pressurization and the 
chemical species  present in the chamber at ignition. 

An ignition burner based on the principle of stagnation flow was used 
to conduct ignition studies of liquid diborane and oxygen difluoride. The 
experiment was not very successful  because of difficulties encountered in 
maintaining sufficient amount of liquid diborane in the diborane cup. 
Detonation waves were observed where pure 'oxygen difluoride was introduced 
to flow over liquid diborane. 

The experimental technique developed during this program of introducing 
the oxidizer gas to  flow over liquid fuel has  great advantages in ignition studies.  
The randomness and the uncertainties of fluid dynamics are  removed and each 
of the transport rate processes leading to  ignition can be studied individually 
so as  to  integrate combustion theory with that of chemical kinetics.  Based 
on th is  technique , experimental parameters which are  easily controlled are 
(i) fuel temperature, (ii) oxidizer temperature, (iii) oxidizer concentration 
(iv) burner pressure , and (v) oxidizer flow velocity. This experimental 
technique is presently being used to  study the ignition of polymeric materials. 
(Ref. 24) 



To understand the ignition phenomena in more detai l ,  an  analytical 
study has been carried out based on the stagnation flow field. The purpose 
of th i s  study is to  define propellant temperature ranges where vapor phase 
reaction is dominant. Based on the similarity flow field,  the governing partial 
equations were reduced t o  a set of ordinary differential equations. Realizing 
the  fact that prior t o  ignition, the species concentrations and gas temperatures 
do not vary much from the nonreactive flows, the nonreactive solutions were 
used to describe the rate of reaction. When the hydrazine vapor concentration, 
given off by the liquid, is not high enough to  sustain a vapor phase ignition, 
reactions could occur between nitrogen tetroxide and liquid hydrazine. The 
dissolved solid products produced by the preignition reactions contaminate the 
liquid fuel to the extent of chqnging its ignition characterist ics significantly 
from that of a "clean" fuel. Determining the range of pressure and temperature 
conditions within which the vapor/liquid or vapor/vapor reactions predominate 
were important. 
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